We describe, using first principles calculations, the way in which the inherent broken symmetry at the surface of (0001) sapphire leads to a surface dipole and, with applied strain, to a significant surface piezoelectric effect, despite inversion symmetry in the bulk. Given the importance and widespread use of sapphire as a substrate as well as its other important technological uses, this surface piezoelectricity can play an important role as the cause of loss mechanisms at sapphire surfaces and interfaces by coupling local electric fields to surface vibrational modes as well as influencing surface chemistry. The physical mechanism presented here is likely relevant in other materials with corundum structure.
INTRODUCTION
Sapphire is a material with a wide range of applications: e.g., it is used in short pulse lasers [1, 2] , has interesting chemical properties [3, 4] , and serves as a substrate for quantum information devices [5] and a substrate for growing novel topological insulators [6] . Experiment and theory have shown that the sapphire (0001) surface in vacuum is Al terminated and has a "dangling bond" at its surface that determines many of its surface properties [4, [7] [8] [9] [10] [11] ; the specifics of the polar surface structure leads to hydroxylation due to the polar nature of water molecules [3, 10, 12] . However, even in the absence of hydroxylation, the surface polarity exists and can have important effects.
In this work, we use Density Functional Theory (DFT) to investigate the surface polarity, the surface dipole, and how the strain response of the dipole leads to a significant surface piezoelectric effect. The responsiveness of the surface structure is likely tied to the strong thermal vibrations that exist for the surface atoms [13] . The ubiquity of Al 2 O 3 as well as recent developments in studying surface piezoelectricity in other materials [7] make studying the possibility of piezoelectricity in sapphire an interesting and useful task. Further, recent theoretical works that use changes in electric polarization at surfaces for catalysis [14] indicate that an understanding and estimation of changes in surface electric polarization can be of interest for chemically oriented studies. In addition, the corundum structure is found in many other materials and the mechanism presented here may be of interest in the surface of other materials.
METHODOLOGY
Our calculations are performed using DFT [15, 16] with the local density approximation (LDA) [16, 17] using the Quantum Espresso [18] software package with ultrasoft pseudopotentials [19] . For electronic smearing, we use a Marzari-Vanderbilt [20] smearing width of 0.02 Ry (although all systems turn out to be robust insulators). We use a planewave cutoff of 35 Ryd for the wave functions and 280 Ryd for the electron density. The kpoint sampling uses a 5 × 5 × 2 grid for the bulk and a 8 × 8 × 1 grid for the slab simulations. Calculations of the bulk dielectric screening and Born effective charges employ the Berry phase method combined with the finite field approach [21, 22] We describe bulk Al 2 O 3 using 6 formula units (30 atom cell) with a 4.76Å in-plane (xy) lattice constant (19.4Å 2 in-plane unit cell area) and a z lattice constant of 12.99Å: these are theoretical lattice constants that optimize the bulk total energy. To simulate the surface, we perform slab simulations using the bulk in-plane lattice constants. Our slabs have either 30 atoms per unit cell (6 structural units thick) or 60 atoms per unit cell. We use 30Å of vacuum added in the z direction to isolate the slabs. The Al-terminated surface we use (see Fig. 1 ) ensures two identical surfaces, no net dipole for the entire simulation cell, and no stray electric fields in the vacuum region. While previous studies found that simulating 3 structural units of the surface is sufficient for a good physical picture of the surface of sapphire [4] , our thicker slabs permit us to carefully converge the relatively small displacements that penetrate into the sub-surface material.
FIG. 1:
Structures of bulk Al2O3 (left) and the relaxed 30 atom slab structure (right). The (0001) direction is vertical. Both systems have have a symmetry plane insuring zero net dipole and no long-range polar effects. The bulk has zero polarization by symmetry while the surface of the slab has strong relaxations leading to a surface dipole. Key surface layer separations are labeled and the direction of surface dipole is indicated by the arrow.
RESULTS
Our results on the surface structure of (0001) Al 2 O 3 agree with prior literature. We find a bond shortening between the surface Al and the first layer of O [4, [7] [8] [9] [10] [11] (see Fig. 1 ) that is polar and would, under atmospheric conditions, be hydroxilated due to its polarity [3, 10, 12] . Here, our objective is to go beyond this and analyze the dependence of this polarity on applied stress.
In Fig. 1 , we show the structure of the bulk and our 30-atom slab. The bulk structural unit along (0001) is most easily understood as starting with an Al layer, followed by three O atoms in the second layer, and ending with another Al layer. To directly compare to the slab results, we have replicated the basic repeating unit six times when showing the bulk structure. This particular choice of structural unit is non-polar along (0001), automatically and correctly ensuring no piezoelectric response for the bulk.
To better understand the nature of the surface relaxations, we divide the top half of the slab into its structural units as shown in Fig. 2 . The relaxations of the top Al layer are very large (0.69Å inward motion of the top Al layer as per Fig. 1 ): the surface Al has no O to bond to above it, so it moves into the surface to strengthen its available Al-O bonds. This strong distortion foreshadows a sizable response to perturbations. The layer-dependent Al-O z separations are displayed in Table I : each structural unit becomes distorted due to its proximity to the surface, but the magnitude of the perturbations decay rapidly going into the material.
We begin with the simplest physical approach that provides order-of-magnitude estimates of the dipole developed due to surface relaxation and strain. We sum over the bulk Born effective (dynamical) charges Z * of the ions multiplied by the ionic displacements to compute dipoles. Bulk Born effective charges are defined under periodic electrostatic boundary conditions while our slab has no such periodicity along z, hence the appropriate charges to use are the screened Born chargesZ * = Z * / ∞ where ∞ is the optical (clamped ion) dielectric constant: this reflects the fact that the electrons can and will screen the dipole formed by moving an ion in the slab geometry. We find, using the Berry phase approach, the bulk values Z * Al = +2.92, Z * O = −1.94 and ∞ = 3.20 which agree well with prior LDA results [23] . Note that replacing the Z * by formal charges Al 3+ and O 2− is a good approximation due to the strongly ionic nature of the material while neglecting the electronic screening leads to major errors. Fig. 2 and the center column of Table II show dipoles formed per structural unit when using the abovẽ Z * . The large downward dipole of the topmost (surface) unit is partially canceled by the smaller upward responses of the units below it.
Next, we use effective charges to address the effect of strain. The strain can be due to static perturbations (e.g., epitaxy with a substrate or imposed static mechanical stress) or dynamical drive (e.g., acoustic sound waves or dynamic stresses). We change the both in-plane xy lattice parameters biaxially by the same amount and recompute the relaxed structure and layer-by-layer dipoles along z as shown in Table II . Changing from -1% (compressive) to +1% (tensile) leads to a 1.7% increase in the net dipole moment across the entire surface region. If we ascribe this dipole to a region of thickness 2.17Å, corresponding to the height of one bulk structural unit in the z direction, then we can estimate a piezoelectric coefficient in units appropriate for comparison to bulk materials. We find a value of 3.4×10 −3 C/m 2 for the change in polarization (dipole per volume) and a piezoelectric coefficient e 31 = 0.088 C/m 2 . While the specific numerical value depends on the equivalent thickness chosen, the rapid decay of dipoles shown in Figure 2 and Table II means that appropriate thickness will be close to a the height of a single bulk structural unit.
The above analysis provides a physical understanding of the surface response and semi-quantitative results. A more quantitative calculation requires incorporating changes to the values of theZ * for the ions near the surface via cumbersome explicit calculations. We find the theZ * of the ions at or near the surface are reduced from bulk values. For the Al cations with their larger valence atomic orbitals, the Al in the first 3 layers have theirZ * reduced by ∼10-15% (deeper layers are within 3% of bulk values). For the O anions with their smaller valence atomic orbitals, the O in the surface layer suffers an 18% reduction ofZ * while the deeper layers have values within 1% of the bulk value. Qualitatively, the fact that the surface region shows reducedZ * values is sensible since the band gap near the surface is smaller that the bulk and broken/dangling bonds at the surface are more polarizable. However, instead of pursuing a cumbersome approach based on screened Born charges, the slab geometry with vacuum permits us to compute the change of surface dipole in two independent and straightforward ways using the electron density itself. First, the ab initio calculations provide us with the total charge density ρ, and since we have vacuum in our unit cell, computation of the total dipole p z = d 3 r z ρ is straightforward (in practice, the integral is replaced by a discrete sum over a real-space grid). By computing the change of this dipole between 1% tensile and 1% compressive strain, we obtain a change of polarization equal to 6.1×10 −3 C/m 2 and e 31 = 0.16 C/m 2 .
Second, using basic electrostatics, in a parallel plate geometry such as our slab calculation, a dipole along z will create a potential drop across it, and if we examine the change of potential versus strain, we can back out the change of dipole. Hence, we align the central symmetry plane of the slabs in all our calculations and compute the electrostatic potential for each simulation averaged in the xy plane. We then take the difference between the potential on the symmetry plane at the center of our slab and deep in the vacuum where the potential is constant. The strain dependence of this potential difference is then computed. Between the two strain states examined, we find a net potential difference of ≈ 0.16 V. A parallel plate model and, as above, an assumed thickness of 2.17Å gives us a net change of polarization of 6.5×10 −3 C/m 2 . This translates into e 31 = 0.17 C/m 2 . The value is comparable with known bulk piezoelectric materials such as ZnO with e 31 = 0.53 C/m 2 , LiNbO 3 with e 31 = 0.37 C/m 2 , AlN with e 31 = 0.58 C/m 2 , or BaTiO 3 with e 31 = 2.16 C/m 2 [24, 25] . Hence, the piezoelectricity of the (0001) surface Al 2 O 3 is comparable in strength to that of a unit cell of typical bulk crystalline piezoelectric materials.
One may also compare our results to appropriately defined surface piezoelectric coefficients from first principles theory [7, 26] . For a bulk piezoelectric material such as ZnO, its (0001) surface has a surface piezoelectric constant of 1.0 × 10 −10 C/m while the surfaces of nonpiezoelectric phases have surface piezoelectric constants that are about ten times smaller [7] . For comparison, our Al 2 O 3 (0001) surface has a constant of 3.7 × 10 −11 C/m which is again comparable.
CONCLUSION
Our calculations have predicted that the (0001) surface of sapphire (Al 2 O 3 ), which has a strong relaxation of the Al-O distance, has a strong structural response to strain that leads to surface piezoelectricity. Given the wide use of sapphire substrates in many scientific and technological fields, this result is important for understanding as well as engineering these systems. The finding is relevant for the chemical and catalytic properties of the surface and interfaces built using it: e.g., in potential topological materials stacks as well as a potential loss mechanism in quantum circuits via coupling electrical forces to substrate acoustic phonons.
